The xylABC operon on the TOL plasmid directs the synthesis of enzymes for conversion of toluene to benzoate and is positively controlled by the regulatory gene xyLR. In the study here the nucleotide sequence was determined for the regulatory region of this operon. The in vivo transcription initiation site of the operon was determined by S1 nuclease and reverse transcriptase mapping. RNA was prepared from mmethylbenzyl alcohol-induced cells of Pseudomonas putida and Escherichia coli carrying pTN2, a derivative of the TOL plasmid containing the structural and regulatory genes of the entire toluene-degrading pathway. The amount of E. coli mRNA was estimated to be only 10% of that of P. putida mRNA. Consensus sequences of the -10 region (Pribnow box) and the -35 region (RNA polymerase recognition site) in E. coli genes were not found in the region preceding the transcription initiation site, whereas a sequence complementary to the 3' end of the 16S rRNA of Pseudomonas aeruginosa and E. coli existed in front of the predicted start codon of the xyL4 gene. These results explain the inefficient expression of TOL genes in E. coli.
Various natural and synthetic compounds are metabolized by Pseudomonas bacteria. Some degradative pathways in the cells are specified by genes borne on plasmids. The catabolic pathways encoded by plasmids and their genetic organizations have now become clearer, especially on the TOL plasmid.
The TOL plasmid from Pseudomonas putida mt-2 specifies enzymes for complete degradation of toluene, m-and pxylenes, and their metabolites (1) . The genes for the enzymes are organized in at least two regulatory blocks: (i) the xylABC operon, the genes for the upper-pathway enzymes that oxidize substituents of the aromatic compounds to corresponding carboxylic acids, and (ii) the xylDEGF operon, the genes for the lower-pathway enzymes that oxidize the carboxylic acids further to pyruvate and acetaldehyde. mXylene and m-methylbenzyl alcohol induce the synthesis of all the enzymes of the pathway, whereas m-toluate induces those of the lower pathway. Two regulatory genes, xylR and xylS, are involved. Activation of the xylABC operon by xylR in the presence of m-xylene or m-methylbenzyl alcohol was demonstrated by constructing a partial diploid for the TOL genes in vivo (2, 3) . Activation of the xylDEGF operon by xyIS in the presence of m-toluate was demonstrated by molecular cloning in both Escherichia coli and P. putida (4, 5) .
pTN2 plasmid, an in vivo recombinant consisting of the entire RP4 genome and a part of the TOL plasmid, confers inducible synthesis of TOL enzymes in the same way as the wild-type TOL plasmid, and it is replicable in E. coli (2, 6) . We have previously reported that both induced and noninduced levels of TOL enzymes encoded by pTN2 are 50 to 100 times higher in P. putida than in E. coli (2, 4, 7 Preparation of DNA. Location of the operator-promoter region of the xylABC operon (OPI) and construction of the OPJ-containing plasmid were described (8) . OPI was located in the 0.6-kilobase (kb) region between the Sma I site and the Xho I site on pTS185 (Fig. la) . Plasmid DNA of pTS185 was purified from E. coli GM31(pTS185) as described (9, 10), except that L broth (1% tryptone/0.5% yeast extract/ 0.5% NaCl) was used for growth instead of M9 medium. Isolation of DNA fragments after restriction endonuclease digestion, labeling of the 5' ends of the fragments with [y-32P]ATP, and the strand separation were carried out as described (11). The sense strand was determined by DNA sequence analysis and by referring to the direction of transcription (7) .
Preparation of RNA. Crude RNA preparations were obtained from cells of P. putida TN2100, TN2100(pTN2), E. coli 20SO, and 20SO(pTN2) (6) . After addition of 40 ml of L broth to 2-ml overnight cultures, the cells were incubated with shaking for 1 hr at 27°C for P. putida and 30°C for E. coli. Then 0.4 ml of 0.5 M m-methylbenzyl alcohol was added to the culture and incubation was continued for 6 hr at each temperature to induce the enzymes. Noninduced cells were obtained after incubation without the inducer. One-half of each culture sample was used to prepare RNA by the hotphenol method (11, 12) , and the other half was used for assay of benzyl-alcohol dehydrogenase, the xylB gene product (2 tions were determined by measuring the absorbance at 260 nm. S1 Mapping Assay. Si nuclease mapping was performed as reported (11, 12) . Electrophoresis was carried out on a 5% or 8% polyacrylamide gel in 8 M urea/89 mM Tris HCl, pH 8.3/90 mM sodium borate/2.5 mM EDTA. To locate the 5' ends of mRNA on the nucleotide sequence, the protected fragments were subjected to electrophoresis on a DNA sequence slab gel beside base-specific fragments of the endlabeled DNA fragment (13) .
Reverse Transcriptase Mapping. After hybridization of RNA to a DNA probe, extension of the 5'-end-labeled primer was performed with reverse transcriptase as described by Debarbouille and Raibaud (14) .
DNA Sequence Analysis. Nucleotide sequence analysis of DNA was performed as described by Maxam and Gilbert (15 Fig. lb . S1 Nuclease Protection Assay. An Si mapping was carried out to determine the transcription initiation site of xylABC operon in P. putida (Fig. 2) . The DNA probe used was the 700-bp Sst II/Xho I fragment labeled at the Xho I site. A major band corresponding to 390 nucleotides was detected when RNA from cells of P. putida TN2100(pTN2) grown in the presence of m-methylbenzyl alcohol was subjected to the assay (Fig. 2, lane 4) . The band corresponding to 700 nucleotides probably represents the probe DNA protected by the anti-sense strand, because it was absent when the purified sense strand of the Sst II/Xho I fragment was used as a probe (data not shown). When RNAs from plasmid-free cells or noninduced cells were used, only the band corresponding to the probe DNA was seen (Fig. 2, lanes 2 and 3) . Next, the Hpa II/HinfI fragment (Fig. lb) was labeled at the 5' ends to locate the precise initiation site for transcription in P. putida. After the sense strand was isolated, S1 mapping was carried out. Similar experiments were also carried out to see whether the mRNA synthesis in E. coli started at the same site. As shown in Fig. 3 the protected fragment did not change with two different quantities of S1 nuclease (500 and 1000 units).
High-Resolution Mapping of Transcription Initiation Site. The transcription initiation site was analyzed by coelectrophoresis of S1 nuclease-protected fragments on a sequence gel with chemically cleaved reaction products (Fig. 4) . Essentially the same results were obtained in S1 mapping with P. putida and E. coli RNA preparations. Since a certain degree of microheterogeneity, which was reported to be inherent to the S1 nuclease assay (13, 16) , was seen in the protected DNA bands, another approach, reverse transcriptase mapping, was used. RNA preparations from induced P. putida and E. coli cells were hybridized with a DNA probe (the 100-bp BstEII/Hinfl fragment labeled at the Hinfl site), and the probe was extended with reverse transcriptase. Analysis of the extended probe by coelectrophoresis on the sequence gel gave a single band (Fig. 4, lane 1) . A faint band with the same size was detected with E. coli mRNA in reverse transcriptase mapping (data not shown). A correction of 1-1.5 bases had to be made in determining the length of the protected or extended fragment. This was because the terminal nucleotide was eliminated by chemical sequencing but retained by nuclease protection or primer extension, and chemical sequencing left 3'-phosphate whereas S1 nuclease or reverse transcriptase left 3'-OH (13, 14) .
Nucleotide Sequence. Fig. 5 shows the sequence of 340 nucleotides surrounding the transcription initiation site. The initiation site was determined by S1 nuclease and reverse transcriptase mapping as described above. The nucleotide sequence preceding the transcription initiation site had no correlation with the -10 and -35 consensus sequences of the flanking region of E. coli genes (18, 19) . In the region downstream from the transcription initiation site, there was only one AUG, from which a continuous reading frame existed at least up to the Hae III site at the end. The amino acid sequence that was deduced probably corresponds to the NH2-terminal region of the xylA protein, toluene oxygenase. About 10 bp upstream from the initiation codon there was a sequence that might be the ribosome-binding site (17) . The sequence had high homology to the putative ribosome-binding site of the xylE gene, which is the gene for catechol 2,3-dioxygenase (10, 20) (Fig. Sb) Fig. 3 were lso ubjeted to electrophoresis . Lnep (2, 3) . By molecular cloning of the xylR gene and analysis of the induction of enzymes by m-xylene or m-methylbenzyl alcohol in E. coli, we located the regulatory region of the xylABC operon in a 0.6-kb Sma I/Xho I fragment (8) . An S1 nuclease protection assay was carried out to examine whether the mRNA for the xylABC operon originated from this region in P. putida cells. When RNA was prepared from the cells carrying pTN2 that were incubated in the presence of m-methylbenzyl alcohol, mRNA synthesized was detected in vivo. This indicates that the OPI region determined by analysis in E. coli functions as a control sequence in Pseudomonas. We have determined the nucleotide sequence of the region and identified the transcription initiation site of the operon in P. putida by S1 nuclease and reverse transcriptase mapping. The transcription initiation site in E. coli was also identified; it was the same as in P. putida. The operator region of xylABC operon should exist in the fragment whose sequence had been determined in the present study. Preceding the transcription initiation site are two palindromic A+T-rich sequences that are candidates for the xylABC operator.
Heterologous gene expression is probably restricted at both the transcriptional and translational levels. We previously reported that pTN2 conferred inducible synthesis of toluene-degrading enzymes to E. coli, but both induced and noninduced levels of the enzymes were very low compared with those of P. putida (2, 7) . Similarly, enzymes encoded by trp genes of Pseudomonas aeruginosa were synthesized at lower levels in E. coli cells than in the natural host (21) . On the other hand, we demonstrated that the cloned xylE gene on pBR322 at the BamHI site was expressed efficiently in E. coli by the read-through transcription from the vector promoter of the tetracycline-resistance gene (7) . It has been demonstrated that the fragment of chromosomal DNA from E. coli and Bacillus subtilis promoted xylE gene expression in B. subtilis (20) . In an in vitro system, the ribosome preparations from E. coli translated both E. coli and Pseudomonas fluorescens mRNAs, and ribosomes from P. fluorescens translated mRNAs from both sources (22) . From the results in Fig. 3 , the transcription of the xylABC operon by E. coli RNA polymerase appears to be inefficient. However, a possibility remains that the mRNA is unstable in E. coli cells.
Recently we have reported that the nucleotide sequence preceding the start site for xylE translation is complementary to the 3' ends of the 16S rRNA in both E. coli and P. aeruginosa (10) . When this sequence of xylE was compared with the sequence downstream from the transcription initiation site of the xylABC operon, eight nucleotides were found to be homologous. The latter sequence seems to provide the ribosome-binding site for the translation of xylA, the gene for toluene oxygenase, since xylA is the first gene of the operon and maps next to the regulatory sequence (5) .
In the region upstream from the transcription initiation site, the consensus sequences of E. coli promoters were not found in either the -10 region (Pribnow box) or the -35 region (RNA polymerase recognition site). The promoter was not identified, since no information was available regarding it or other signals necessary for the initiation of transcription in Pseudomonas. The of subunit of RNA polymerase seems to play a critical role in the initiation of the specific transcription in B. subtilis. Promoters recognized by the principal form of B. subtilis RNA polymerase containing a55 factor have common sequences of E. coli promoters (23) . On the other hand, the middle gene promoters of B. subtilis phage SP01 have distinct sequences at -35 and -10 regions and are recognized by the RNA polymerase containing a phagecoded "o-like" factor (24) . RNA polymerase from P. putida was purified, and some properties were characterized (25) . However, the mode of interaction of the enzyme with the promoter sequence has not been established. To clarify the interaction site, a comparison of the OPJ sequence with other promoter sequences of Pseudomonas genes is necessary.
